INTRODUCTION
Pseudomonas aeruginosa is a major pathogen responsible for nosocomial pneumonia and is associated with high morbidity and mortality rates. [1] [2] [3] As P. aeruginosa infections are most frequently seen in individuals with compromised immune systems, the host immune response is clearly essential in both preventing and controlling infection. 4, 5 The bacterial protein flagellin is translocated to the cytosol, where it is efficiently recognized by NLRC4 (Nod-like receptor family, CARD domain-containing 4). [6] [7] [8] [9] [10] Several lines of evidence support an essential role for the NLRC4-coupled inflammasome in caspase-1 (CASP1) activation in response to Shigella flexneri, 6 Salmonella typhimurium, 11 and Legionella pneumophila. 12 In these reports, mouse models infected with these pathogens showed flagellin-induced activation of NLRC4 inflammasome/ CASP1, leading to the secretion of proinflammatory cytokines such as interleukin-1b (IL-1b) and IL-18 and induction of a rapid lytic form of inflammatory cell death known as pyroptosis. For host protection from pathogen invasion, IL-1b and IL-18 induce phagocyte recruitment and activation. [13] [14] [15] In turn, pyroptosis releases the intracellular pathogens into the extracellular environment, exposing them to neutrophil-mediated destruction. [16] [17] [18] [19] However, although these NLRC4/CASP1-dependent responses aid clearance of intracellular pathogens, NLRC4 activation by P. aeruginosa decreases the clearance of this pathogen and increases disease pathology in acute lung infection. 20, 21 In acute lung infection, neutrophils, rather than macrophages, are the first cell type recruited in large quantities to the site of infection and are thus involved in the initial clearance of infected cells. Genetic disorders leading to abnormal neutrophil function characterize up to 20% of all reported primary immune deficiencies.
Although neutrophils have been shown to have a critical role in the primary protection from pathogen infection, most studies of the NLRC4 inflammasome have focused on its regulatory role in the context of macrophages. However, NLRC4 was recently reported to be expressed in neutrophils and to be responsible for CASP1-dependent IL-1b secretion during challenge with Salmonella or P. aeruginosa. 11, [23] [24] [25] In contrast to inflammasome-dependent IL-1b secretion in pathogen-infected neutrophils, the regulatory mechanisms of neutrophil pyroptosis upon phagocytosis of pathogens are not well defined. This primarily stems from the assumption that neutrophils are not likely to undergo pyroptosis, because their antibacterial activity is so strong that pathogens do not have enough time to proliferate and trigger pyroptosis. To test this assumption, we developed a NADPH oxidase 2 (NOX2)-deficient condition in which hypochlorous acid (HOCl), a reactive oxygen species (ROS) with powerful antibacterial activity, would not be generated. 26, 27 In wild-type (WT) mice (Nox2 þ / þ ), the percentages of pyroptotic neutrophils were extremely low at 24 h after P. aeruginosa infection (about 0.7%); meanwhile, under the same condition, neutrophils from Nox2 À / À mice showed marked increases in pyroptotic cell death, a 415-fold increase (approximately 11%). Thus we hypothesized that neutrophil pyroptosis might be induced by acute P. aeruginosa infection via inflammasome signaling in conditions of lower neutrophil antimicrobial activity in which bacterial burden is increased. In this study, we demonstrate that flagellin within P. aeruginosa mediates neutrophil pyroptosis upon acute lung infection through CASP1-dependent signaling in Nox2 À / À mice, leading to greater inflammation and lung injury as a result of increased P. aeruginosa burden in the lungs. Our study outlines mechanisms that were previously unknown and the pathological role of neutrophil pyroptosis during P. aeruginosa lung infection upon neutrophil dysfunction.
RESULTS

Nox2
À / À mice show increased bacterial burden, lung injury, and mortality after challenge with PAO1
To know the physiological role of NOX2 in acute lung infection, we first determined 4-day survival rates in a lung infectious mouse model by pulmonary challenge with PAO1 (4 Â 10 5 colonyforming units (CFU)) using NOX2-deficient mice (Nox2 À / À ). Notably, Nox2
À / À mice were more susceptible to PAO1 infection than their WT littermates (Nox2 þ / þ ). At 3-4 days after PAO1 challenge, nearly all of the Nox2 À / À mice had died, whereas all of the Nox2 þ / þ mice survived beyond 3 days ( Figure 1a ). In accordance with their increased mortality, Nox2 À / À mice had decreased pulmonary clearance of bacteria and significantly higher bacterial burdens in their bronchoalveolar lavage (BAL) fluid ( Figure 1b) . To determine whether the increased bacterial burden of Nox2 À / À mice was accompanied by increased lung damage, we quantified the levels of protein and immunoglobulin M (IgM) in BAL fluid. Nox2 À / À mice exhibited more lung injury than Nox2 þ / þ mice at both 12 and 24 h after PAO1 infection (Figure 1c,d ). Fibrin deposition in the alveolar spaces of Nox2 À / À mice was also much higher than in Nox2 À / À mice (Figure 1e,f). Elevated levels of various inflammatory cytokines, including tumor necrosis factor-a (TNF-a) (Figure 1g ), IL-1b (Figure 1h) , and IL-6 (Figure 1i ), were also observed in Nox2 À / À mice. To determine whether the increased bacterial burden and extensive lung injury in the lungs of Nox2 À / À mice during PAO1 infection leads to severe systemic infection, we evaluated the CFUs in the liver and spleen and also assessed organ dysfunction by measuring serum biochemical indicators. The CFUs in the liver and spleen of Nox2 À / À mice were significantly increased compared with those in Nox2 þ / þ mice; similar results were obtained for the blood urea nitrogen, aspartate transaminase, creatinine, and alanine transaminase levels (Supplementary Figure S1a-f) . These results indicate that NOX2 is critical for host protection against acute lung infection with PAO1 through clearance of bacteria.
Neutrophils, rather than macrophages, are essential for host protection during PAO1 lung infection
We next examined the numbers of intact neutrophils and macrophages in the bronchoalveolar spaces of Nox2 þ / þ and Nox2 À / À mice during PAO1 infection. In Nox2 þ / þ mice, the number of neutrophils was significantly increased at 12 h and decreased at 24 h, while the number of macrophages was only slightly increased at 12 and 24 h (Figure 2a) . Interestingly, the number of neutrophils was dramatically decreased in Nox2 Figure 2a ). To determine whether neutrophils or macrophages are essential for bacteria clearance and host lung protection against PAO1 infection, we counted the CFUs and assessed the extent of lung injury in PAO1 infection after depleting neutrophils or macrophages, respectively. Administration of a-Ly6G antibody and clodronate liposomes efficiently depleted neutrophils ( Figure 2b ) and macrophages (Figure 2c) , respectively, from the BAL fluid of WT mice. Much higher CFU counts (Figure 2d) , levels of BAL protein (Figure 2e) , and levels of IgM ( Figure 2f ) were detected in neutrophil-depleted mice compared with control mice, while none of these parameters were affected in macrophage-depleted mice (Figure 2d-f) . Much higher levels of proinflammatory cytokines such as TNF-a, IL-1b, and IL-18 were observed in neutrophil-depleted mice, while cytokine levels were not affected in macrophage-depleted mice (Figure 2g-i) . Because bacteria-mediated activation of the production of HOCl À , a compound with antibacterial activity in neutrophils, depends on NOX2, [26] [27] [28] we investigated whether NOX2 exhibits the capability of directly killing PAO1 ingested by neutrophils. To do so, we infected PAO1 into bone marrow-derived neutrophils (BMDNs) extracted from Nox2 þ / þ and Nox2 À / À mice for 30 min, followed by treatment with gentamicin to clear extracellular PAO1. We then examined the viability of intracellular PAO1 within Nox2
À / À BMDNs showed higher number of viable PAO1, compared with Nox2 þ / þ BMDNs (Supplementary Figure  S2a, Figure S3) . These results indicate that NOX2 is critical for the maintenance of intact neutrophils via clearance of neutrophil-ingested PAO1. À / À and Nox2 þ / þ mice were determined at 12 and 24 h after intranasal instillation of PAO1. *Po0.05; ***Po0.001.
Neutrophil pyroptosis is increased in Nox2
À / À mice during acute lung infection As fewer intact neutrophils and higher PAO1 burdens were observed in the bronchoalveolar space of Nox2 À / À mice compared with that of Nox2 þ / þ mice during acute infection, we postulated that more neutrophils in Nox2 À / À mice may undergo cell death than in Nox2 þ / þ mice. We first measured neutrophil cell death within the bronchoalveolar space through FACS analysis using propidium iodide (PI) or Annexin V staining of Nox2 
Nox2
þ / þ neutrophils upon infection, whereas the percentage of apoptotic cells (PI À /Annexin V þ ) was slightly increased in Nox2 À / À neutrophils compared with Nox2 þ / þ neutrophils (Figure 3a,b) . We next hypothesized that pyroptosis, a lytic form of programmed cell death, is induced in neutrophils in PAO1-infected Nox2 À / À mice. A basic event in pyroptosis is the early loss of plasma membrane integrity by pathogen infection, and thus the lactate dehydrogenase (LDH) release assay has primarily been used to characterize cell death by pyroptosis in macrophages. 7, 29, 30 Thus we measured LDH release, as well as the numbers of 7AAD þ cells or both active CASP1 þ and PI þ cells, using FACS analysis in PAO1-infected bone marrow-derived macrophages (BMDMs) extracted from WT mice. Both LDH release and the number of 7AAD þ cells or both active CASP1 þ and PI þ cells were increased by PAO1 infection in similar patterns (Supplementary Figure S4a- 
e).
We also showed that active CASP1 and IL-1b secretion are strongly expressed in BMDMs upon PAO1 infection using western blotting analysis (Supplementary Figure S4f) . We compared the levels of neutrophil pyroptosis in Nox2 þ / þ vs.
Nox2
À / À mice upon PAO1 infection using a FACS strategy to detect both active CASP1 þ and PI þ cells. In Nox2 þ / þ mice, the percentage of pyroptotic neutrophils was extremely low at 24 h after PAO1 infection (about 0.7%), while neutrophils from Nox2 À / À mice showed marked pyroptotic cell death, with more than a 15-fold increase (approximately 11%) in the same condition (Figure 3c . These results indicate that NOX2 suppresses neutrophil pyroptosis during PAO1 lung infection.
Neutrophils derived from Nox2
À / À mice show higher bacterial burdens and more pyroptosis upon PAO1 infection
We next investigated whether the increase in neutrophil pyroptosis in Nox2 À / À mice depends on the amount of neutrophil-internalized bacteria. We first infected BMDNs extracted from Nox2 þ / þ or Nox2 À / À mice with green fluorescent protein (GFP)-tagged PAO1 (PAO1-GFP) to determine the efficiency of PAO1-GFP infection. The number of Nox2 À / À BMDNs containing PAO1-GFP was not significantly different than that of Nox2 þ / þ BMDNs with PAO1-GFP at 10 min postinfection (Figure 4a,b) . However, The number of Nox2 À / À BMDNs containing PAO1-GFP were more increased than that of Nox2 þ / þ BMDNs containing PAO1-GFP at 60 min postinfection (Figure 4a ,b), indicating that NOX2 is responsible for clearance of neutrophil-ingested PAO1 but not for initial PAO1 uptake. In accordance with the rates of PAO1 uptake, pyroptosis was significantly increased in Nox2 À / À BMDNs with PAO1-GFP at 60 min, but not at 10 min, postinfection (Figure 4c,d ). Western blotting analysis confirmed that CASP1 is more efficiently processed in
Nox2
À / À BMDNs than in Nox2 þ / þ BMDNs, as evidence by the increased levels of its mature form (CASP1 p20) at 30 and 60 min after PAO1 infection ( Figure 4e ). Furthermore, Nox2 À / À BMDNs had secreted more IL-1b than Nox2
BMDNs at 60 min after PAO1 infection ( Figure 4f ). However, secretion of IL-18, another CASP1-dependent cytokine, was barely detected in Nox2 À / À and Nox2 þ / þ BMDNs at 60 min after PAO1 infection (data not shown). These results indicate that the increased bacterial burden in Nox2 À / À BMDNs contributes to the increased pyroptosis.
PAO1 infection-induced mitochondrial ROS is responsible for neutrophil pyroptosis
To examine the effect of PAO1 infection on mitochondrial integrity in neutrophils, we evaluated the functional mitochondrial pool in PAO1-infected BMDNs. To this end, we used tetramethylrhodamine ethyl ester (TMRE), a fluorescent probe sensitive to mitochondrial membrane potential, to assess mitochondrial depolarization. More mitochondrial depolarization occurred in Nox2 À / À BMDNs compared with Nox2 þ / þ BMDNs upon PAO1 infection, while it was not affected in the absence of PAO1 infection (Figure 5a ,b). In accordance with these TMRE results, the level of mitochondrial ROS in Nox2 À / À BMDNs was much higher than that in 
PAO1-stimulated neutrophil pyroptosis depends on the NLRC4 inflammasome
To know the role of NLRC4 in neutrophil pyroptosis in our system, we infected Nlrc4 þ / þ and Nlrc4 À / À BMDNs with two different doses of PAO1-GFP and evaluated each BMDN containing PAO1-GFP. The increase in pyroptosis of Nlrc4 þ / þ BMDNs containing PAO1-GFP was significantly decreased in Nlrc4 À / À BMDNs (Figure 8a) . However, the numbers of Nlrc4 À / À BMDNs containing PAO1-GFP were not different than those of Nlrc4 þ / þ BMDNs at both 10 and 60 min after infection (Figure 8b) . The increased secretion of IL-1b in Nlrc4 þ / þ BMDNs was also significantly blunted in Nlrc4 À / À BMDNs (Figure 8c) . In contrast, the increase in pyroptosis and the number of BMDNs with PAO1-GFP in Nlrp3 þ / þ BMDNs were not changed in Nlrp3
BMDNs (Figure 8d,e) . However, increased secretion of IL-1b in Nlrp3 þ / þ BMDNs was significantly decreased in Nlrp3
BMDNs (Figure 8f ).
Toll-like receptor 5 (TLR5) contributes to neutrophil pyroptosis by regulating PAO1 uptake
Given that, in addition to NLRC4, TLR5 is a known receptor for PAO1 flagellin, 31, 32 we wondered whether TLR5 is involved in PAO1-stimulated pyroptosis. The increase in pyroptosis in Tlr5 þ / þ BMDNs was slightly blunted in Tlr5 À / À BMDNs (Figure 9a) . In contrast to the results obtained with Nlrc4
BMDNs, fewer numbers of Tlr5
À / À BMDNs with PAO1-GFP were observed compared with Tlr5 þ / þ BMDNs with PAO1-GFP at both 10 and 60 min after infection (Figure 9b) . These data suggest that the decreased pyroptosis in Tlr5 BMDNs might be due to the decrease in initial uptake of PAO1-GFP in Tlr5 À / À BMDNs. Moreover, the increase in IL-1b secretion in Tlr5 þ / þ BMDNs was dramatically decreased in Tlr5 À / À BMDNs (Figure 9c ).
PAO1 flagellin is required for neutrophil pyroptosis upon infection
As we found that both NLRC4 and TLR5 are involved in PAO1-stimulated neutrophil pyroptosis, we hypothesized that PAO1 flagellin is responsible for the induction of neutrophil pyroptosis upon infection. We observed that neutrophils infected with a PAO1 mutant devoid of flagellin production (PAO1DfliC) exhibited significantly decreased pyroptosis compared with neutrophils infected with WT PAO1 (Figure 10a) . The number of BMDNs with PAO1DfliC-GFP was also lower than the number of BMDNs infected with PAO1-GFP (Figure 10b) . Moreover, the level of IL-1b secretion induced by PAO1DFliC infection was much lower than that induced by PAO1 infection (Figure 10c ). As the P. aeruginosa type 3 secretion system (T3SS) is responsible for NLRC4 inflammasome activation in macrophages, 20 we determined the extent of neutrophil pyroptosis and pathogen uptake upon infection with PAO1DT3SS-GFP. The levels of pyroptosis and neutrophil uptake in the context of PAO1DT3SS-GFP infection were not significantly different than those in the context of PAO1-GFP infection (Supplementary Figure S6a,b) , while the level of IL1b secretion stimulated by PAO1DT3SS infection was much lower than that stimulated by PAO1 infection (Supplementary Figure S6c) .
PAO1 flagellin is responsible for neutrophil pyroptosis and lung injury during acute lung infection
To investigate the physiological role of PAO1 flagellin in our acute lung infection mouse model, we challenged Nox2 þ / þ or Nox2 À / À mice with PAO1 or PAO1DfliC. In Nox2 þ / þ mice, the percentage of pyroptotic neutrophils was extremely low (about 1%) upon infection with either PAO1 or PAO1DfliC, while the PAO1-stimulated increase in pyroptosis in Nox2 À / À mice (about 10%) was significantly decreased upon PAO1DfliC infection (about 6%) (Figure 11a) . The increased PAO1 CFUs in the BAL fluid of Nox2 À / À mice was also decreased by using PAO1DfliC (Figure 11b ). In accordance with the lower bacterial burden of PAO1DfliC, the increased levels of lung injury markers such as BAL protein (Figure 11c 
PAO1 flagellin mediates pyroptosis in infected human neutrophils
To investigate whether our in vivo and in vivo results were mirrored in human neutrophils, we investigated whether PAO1 flagellin mediated pyroptosis in human neutrophils. To this end, we infected human neutrophils with PAO1 or PAO1DfliC and quantified pyroptosis at 60 min postinfection. Neutrophils infected with PAO1DfliC exhibited significantly decreased pyroptosis compared with neutrophils infected with PAO1 ( Figure 12a) . In contrast, the number of human neutrophils with PAO1-GFP was not significantly different than that with PAO1DfliC-GFP (Figure 12b) . Furthermore, PAO1DfliC infection resulted in reduced IL-1b and IL-18 secretion compared with PAO1 infection (Figure 12c,d) . We also used time-lapse video microscopy to track pyroptosis in live human neutrophils infected with either PAO1-GFP or PAO1DfliC-GFP (data not shown). Cleaved CASP1 (red) started to appear in human neutrophils throughout the cytoplasm at 20 min after PAO1 infection. The infected neutrophils had a swollen appearance at 40 min and underwent cell death by 60 min after PAO1 infection. In contrast, cleaved CASP1 and cell death were barely observed in neutrophils infected with PAO1DfliC-GFP (Figure 12b, video clip) . These results indicate that flagellin is responsible for pyroptosis in human neutrophils upon PAO1 infection. À / À and Nox2 þ / þ mice were determined 24 h after intranasal instillation of PAO1 or PAO1DfliC. ***Po0.001.
P. aeruginosa and mitochondrial ROS are responsible for neutrophil pyroptosis upon acute lung infection through CASP1-dependent signaling in Nox2 À / À mice, leading to greater lung inflammation and injury as a consequence of increased P. aeruginosa burden in the lungs (Supplementary Figure S7) . Recently, NLRC4-dependent inflammasome activation in neutrophils, rather than macrophages, was shown to be responsible for Salmonella clearance after challenge, 23 supporting our results that neutrophils have a critical role in host protection. However, in this report, host protection achieved by neutrophils is mediated by NLRC4/ CASP1-dependent IL-1b secretion, but not pyroptosis. , and caspase-1 (CASP1) activity during uptake and after uptake. PAO1 continued to grow within human neutrophils, which can result in cell lysis. Active CASP1 was detected with the far-red FLICA-660 probe, and cells were infected with GFP-tagged PAO1 or GFP-tagged PAO1DfliC. ***Po0.001.
Although macrophage pyroptosis is essential for host protection because it releases pathogens from macrophages into the extracellular environment, the role of neutrophil pyroptosis in host protection is controversial. If neutrophil-ingested pathogens can resist typical neutrophil antimicrobial responses, such as the generation of ROS and degranulation, the absence of neutrophil pyroptosis may ultimately provide a niche for survival. Indeed, several studies have reported that Salmonella, 33 Staphylococcus aureus, 34 Nesisseria gonorrhoeae,
35
Chlamydia pneumonia, 36 and Anaplasma phagocytophilum 37 all replicate efficiently within neutrophils, thereby avoiding the immune system. In our study, an almost negligible amount of pyroptotic neutrophils (about 0.7% of the total neutrophils in the bronchoalveolar space) was observed during PAO1 lung infection. Interestingly, neutrophil pyroptosis was dramatically increased in Nox2 À / À mice upon infection (about 11% of the total neutrophils in the bronchoalveolar space). The increased pyroptosis in neutrophils devoid of antimicrobial activity suggests that high pathogen burdens induce pyroptosis in neutrophils. In vitro studies using P. aeruginosa-infected macrophages have revealed that the inflammasome complex, including NLRC4, CASP1, and ASC, is essential to IL-1b production. [38] [39] [40] [41] In vivo lung infection models investigating P. aeruginosa have also shown that NLRC4/CASP1 signaling pathways in macrophages are critical to IL-1b production. 20, 21 Although macrophages are typically assumed to be the major contributors to IL-1b generation and secretion, recent studies have reported that IL-1b production is apparent in human and murine neutrophils under infectious conditions. 23, [42] [43] [44] However, the physiological role and regulatory mechanisms by which neutrophils stimulate IL-1b production are not clear. Recently, researchers have shown that neutrophils are recruited to infection sites and are responsible for ASC-independent and CASP1-dependent IL-1b production in acute pneumonia and peritonitis infectious models with P. aeruginosa. 25 These results support our data, which suggest that IL-1b production in neutrophils is dependent on CASP1 signaling pathway in in vitro and in vivo models of P. aeruginosa infection under NOX2-deficient conditions. Nevertheless, we were unable to demonstrate a direct physiological role in IL-1b production in the same condition.
Cytosolic bacterial flagellin in intracellular pathogens such as S. typhimurim and L. pneumophila is the major trigger of the host immune response; this signaling occurs through the NLRC4 inflammasome. 6, 11, 12, 45 NLRC4 is critical for inflammasome activation against extracellular pathogens, such as P. aeruginosa. 39, 40 However, in vitro studies using macrophages have demonstrated that P. aeruginosa flagellin is not required to activate the NLRC4/CASP1 inflammasome, even though proteins secreted through the type III secretion system are critical for inducing CASP1 activation via NLRC4. 41 In contrast, during acute lung infection, P. aeruginosa flagellin is responsible for host pathological damage via CASP1 activation and IL-1b secretion in macrophages. 21 Although the immunological function and regulatory mechanism of P. aeruginosa flagellin is well defined in macrophages, its role in host immunity in neutrophils has not yet been clearly defined. Here we demonstrated a critical role of PAO1 flagellin for CASP1-dependent inflammasome activation in neutrophils by showing that the increases in secretion of IL-1b and IL18, neutrophil pyroptosis, and lung injury in infected Nox2 À / À mice were all significantly attenuated by infection with PAO1DfliC. Our results reveal a novel regulatory mechanism in neutrophils by which P. aeruginosa flagellin is the main component for inflammasome activation and has broad relevance to imflammasome-driven immunity and pathology.
However, we could not determine the precise role of NLRC4 in inflammasome activation and host physiology in the absence of NOX2 during PAO1 lung infection. Instead, we founded that NLRC4 induces inflammasome activation in neutrophils during PAO1 infection. In support of this finding, we showed that the increased levels of pyroptosis and IL-1b secretion observed in PAO1-infected WT BMDNs were blunted in PAO1-infected Nlrc4 À / À BMDNs. However, interestingly, the increased level of pyroptosis observed in PAO1-infected WT BMDNs was also observed in infected Nlrp3
À / À BMDNs, while the increase in IL-1b secretion was blunted in Nlrp3 À / À BMDNs. Though several reports indicate that the NLRP3 inflammasome is involved in IL-1b processing in neutrophils, 42, 44, 46 the precise reasons why NLRP3 in neutrophil is responsible for IL-1b processing, but not pyroptosis, in our study remain to be further investigated. However, given that murine CASP11 promotes IL-1b processing via the NLRP3-CASP1 signaling pathway in a manner independent of NLRC4-CASP1 signaling, 47 signaling pathway upstream of NLRP3 such as CASP11 may activate NLRP3-mediated IL-1b secretion, independent of NLRC4-CASP1 signaling, in infected neutrophils.
In vivo neutrophil-depletion studies replicated the outcome phenotype for the condition of decreased neutrophils in Nox2 þ / þ mice upon PAO1 lung infection, in which increased bacterial burden, injury, inflammation, and IL-1b/IL-18 secretion were observed.
Interestingly, in PAO1-infected WT mouse, IL-18 secretion increased when both macrophages and neutrophils were present, compared with when macrophages were depleted. IL-18 secretion was further increased when neutrophils were depleted (Figure 2i) . Given studies have shown that P. aeruginosa activates NLRC4 inflammasomes leading to IL-18 production and regulated recruitment of neutrophils to clear the pathogen, 6, 38, 48 these results suggest that, in PAO1-infected WT mice, NLRC4 activation in neutrophils is suppressed and NLRC4 activation in macrophages induces IL-18 secretion, while dysfunctional neutrophils, such as Nox2 À / À neutrophils, are activated through NLRC4 and/or NLRP3 inflammasomes, leading to greater IL-18 production and neutrophil pyroptosis.
P. aeruginosa has been shown to activate NLRP3 inflammasomes and IL-1b processing through induction of mitochondrial Ca 2 þ release in IB3-1 cells, human bronchial epithelial cells. 49 Another report demonstrated that P. aeruginosa activates NLRC4 inflammasomes and IL-1b processing by inducing mitochondrial ROS and DNA release in macrophages. 50 Given that, in the present study, PAO1-mediated increases in IL-1b secretion and pyroptosis in Nox2
BMDNs were significantly diminished in the presence of MitoTempo, a mitochondrial ROS scavenging reagent, we suggest that mitochondrial ROS might act as a bridge between NOX2-mediated signaling and inflammasome activation in neutrophils activated by PAO1 infection.
Although it is well known that P. aeruginosa flagellin is recognized by TLR5 in addition to NLRC4, 32 TLR5 is not required for CASP1 activation in response to P. aeruginosa.
Moreover, Tlr5
À / À macrophages still demonstrated IL-1b secretion and cell death. 39 To date, the precise role of TLR5 in inflammasome activation in P. aeruginosa-infected neutrophils has not yet been defined. However, TLR5 was shown to be highly expressed in infiltrated neutrophils in two human lung diseases commonly associated with chronic P. aeruginosa infection, cystic fibrosis, and bronchiectasis. 51 In addition, TLR5 is stored intracellularly in neutrophils and translocated to the cell surface through cooperative TLR1 and TLR2 signaling. 51 This report supports our findings that TLR5 is responsible for PAO1-induced neutrophil pyroptosis, which is based on our experiments using Tlr5 þ / þ and Tlr5
BMDNs. As the extent of pyroptosis reduction achieved with PAO1DFliC infection was almost equal to the sum of the extent of pyroptosis reduction in infected Nlrc4 À / À BMDNs and the extent of reduction in infected Tlr5 À / À BMDNs, PAO1-induced neutrophil pyroptosis might be triggered by cooperative recognition of PAO1 flagellin by TLR5 and NLRC4. However, although TLR5 is clearly responsible for PAO1 uptake by infected neutrophils, it remains the scope of future studies to determine whether intracellular TLR5 is directly involved in PAO1-induced neutrophil pyroptosis.
Our study demonstrated previously unknown mechanisms of neutrophil pyroptosis during acute lung infection with P. aeruginosa and shed light on the pathological role of this process. Thus inhibitors that specifically target neutrophil pyroptosis are likely to be useful for curing highly intractable P. aeruginosa infections most commonly seen in patients with neutrophil function disorders. À / À mice on the C57BL/6 background were kindly provided by Professor Jong-Hwan Park (Chonnam National University, Gwangju, Korea). C57BL/6 mice were purchased from Orient Bio (Gyeonggi, Korea), whereas Nox2 À / À , Nlrp3 À / À , and Tlr5 À / À mice on a C57BL/6 background were bred at the animal facility of Yonsei University. All mice were housed under specific pathogen-free conditions until the start of each experiment. The animal ethics committee of the University of Yonsei approved all experimental protocols.
Preparation of P. aeruginosa strain PAO1 (PAO1). PAO1 colonies were grown on a Luria-Bertani (LB) agar plate at 37 1C overnight. The colonies were inoculated into 10 ml fresh LB medium and grown overnight at 37 1C with shaking at 200 r.p.m. The overnight cultures were used to inoculate fresh LB medium and grown with aeration until reaching an optical density 600 of 1. These cultures were then used as a source of bacteria for all experiments. GFP-tagged PAO1 strains were grown at 37 1C in LB with carbenicillin (100 mg ml À 1 ), PAO1DfliC strains were grown at 37 1C in LB with gentamicin (20 mg ml À 1 ), and GFP-tagged PAO1DfliC strains were grown at 37 1C in LB with carbenicillin (100 mg ml À 1 ) and gentamicin (20 mg ml À 1 ).
PAO1 infection model. Pulmonary infection of mice was performed by intranasal instillation with 4 Â 10 5 CFUs of PAO1 or PAO1DfliC. Mock-infected mice were inoculated with phosphate-buffered saline (PBS). Mice were killed at 12 or 24 h after infection.
Collection of BAL, blood, and lung tissue samples. Mice were killed by administration of an overdose of tiletamine/zolazepam andxylazine. BAL fluid was obtained using 1 ml of PBS and used for measurements of cell count, protein concentration, CFU, IgM, and cytokines. The left lung of each mouse was removed and fixed for hematoxylin-eosin staining and fibrin staining. Serum was obtained from murine blood by centrifugation (5000 r.p.m., 10 min) for the measurement of cytokines and sepsis markers.
Flow cytometry. Cells obtained from BAL samples were counted and stained with Ly6G (eBiosciences, San Diego, CA), FLICA-660 (immunochemistry, Bloomington, MN), PI (Biovision, Milpitas, CA), and 7-aminoactinomycin D (7-AAD; eBiosciences). Stained cells were analyzed with a FACSverse BD flow cytometer (BD Biosciences, Sparks, MD). Isolated murine neutrophils were identified using Ly6G (eBiosciences), and isolated human neutrophils were identified using cd66b (BD Biosciences, San Jose, CA). GFP-tagged PAO1 were used in conjunction with Ly6G to quantitate neutrophil uptake of bacteria. Pyroptotic neutrophils were detected using FLICA-660 and PI or 7-AAD only. Mitochondrial ROS were measured by staining cells with 5 mM MitoSOX (Invitrogen, Carlsbad, CA) for 15 min at 37 1C. Mitochondrial membrane potential was measured by staining cells with 100 nM TMRE (Abcam, Cambridge, UK) for 20 min at 37 1C.
Neutrophil and macrophage depletions. Neutrophils were depleted or mock-depleted by intraperitoneally administration of 0.1 mg a-Ly6G antibody (endotoxin-free 1A8 clone, BioXcell, West Lebanon, NH) or isotype control antibody (endotoxin-free 2A3 clone, BioXcell). At 24 h after antibody injection, mice were challenged intranasally with 4 Â 10 5 CFUs of PAO1. Alveolar macrophages were depleted by intranasal instillation of clodronate liposomes or control liposomes (50 ml per mouse) (Formumax, Suite Palo Alto, CA). Three days after the intranasal instillation of liposomes, 4 Â 10 5 CFU of PAO1 were instilled.
Western blotting analysis. Primary anti-CASP1 (Adipogen, San Diego, CA), anti-IL-1b (Biovision), and anti-b-actin (Santa Cruz, Santa Cruz, CA) (loading control) antibody were used. Western blottings were performed on cell extracts and methanol/chloroformprecipitated cell-free supernatants as previously described. 52 Murine BMDNs were lysed with lysis buffer (Invitrogen), and the protein contents of the resultant extracts were quantified. Equal amounts were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Millipore, Darmstadt, Germany). The membranes were incubated with primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were visualized using the ECL system (Animal Genetics, Tallahassee, FL).
Preparation of mouse neutrophils. After cervical dislocation, both hind limbs were removed directly from each mouse, and a single cell suspension without erythrocytes was generated. After centrifugation (1400 r.p.m. per 5 min per room temperature), neutrophils were isolated via negative selection by an autoMACS column (Miltenyi Biotec, Cologne, Germany). After negative selection of neutrophils, cells were stained with anti-Ly6G antibody and analyzed by flow cytometry to determine neutrophil purity (495% purity was obtained).
Isolation of human neutrophils from peripheral blood. Human neutrophils were isolated from the peripheral blood of healthy volunteers. Briefly, EDTA-treated blood was fractionated on a Ficoll-Paque Plus (GE Healthcare, Amersham, UK) gradient.
Erythrocytes were lysed, and a 495% pure neutrophil population was obtained.
Cytokine production. Cytokine levels in BAL samples and cultured murine BMDN supernatants were measured with a mouse IL-18 Kit (MBL, Woburn, MA), a mouse IgM Kit (eBiosciences), or a Duoset ELISA Development Kit for mouse TNF-a, IL-6, and IL-1b. Cytokine levels in human neutrophil supernatants were measured with a human IL-18 Kit (MBL) or a Duoset ELISA Development Kit (R&D Systems, Minneapolis, MN) for human TNF-a and IL-1b. Cytotoxicity was analyzed by measuring the release of the cytosolic enzyme LDH (Cytotox 96, Promega, Madison, WI) into the supernatants. Live-cell imaging. For live-cell video microscopy, human neutrophils were attached to the confocal dish for 2 h and infected with GFP-tagged PAO1 or GFP-tagged PAO1DfliC (multiplicity of infection (MOI) 20) and treated with the CASP1 probe FLICA-660 simultaneously. Cells were moved to a prewarmed microscope stage (37 1C/5% CO 2 ), and the images were acquired every 20 s on a confocal microscope (Carl Zeiss, Oberkochen, Germany; LSM 780). The movie plays at a rate of two frames per second.
Quantification of fibrin deposition. Formalin-fixed mouse left lung lobes were dehydrated gradually in ethanol, embedded in paraffin, and cut into 5-mm sections. Heat-induced epitope retrieval was then performed before staining. The tissue sections were permeabilized with 0.2% Triton X-100 for 10 min and blocked with PBS containing 1% bovine serum albumin and 10% normal goat serum. Sections were then immunostained with anti-fibrin antibody (Dako, Glostrub, Denmark). After extensive washing with PBS, tissue sections were incubated with Alexa488-conjugated anti-rabbit IgG antibody. After washing with PBS, tissue sections were stained with DAPI (4,6-diamidino-2-phenylindole) and fibrin, and DAPI colocalization was analyzed on a confocal microscope (Carl Zeiss; LSM 700).
Transmission electron microscopy. Neutrophils were fixed with glutaraldehyde as previously described. 53 BMDM culture and treatment. BMDMs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 25% L929 mouse fibroblast supernatant. PAO1 were added to cultured BMDMs at an MOI of 5 followed by incubation at 37 1C for 2 h.
Inhibitor study. Mice were pretreated intraperitoneally with the CASP1 inhibitor Ac-YVAD-CHO (30 mg per mouse; Cayman Chemical, Ann Arbor, MI) 1 h prior to infection. Control mice were treated with dimethyl sulfoxide for CASP1 inhibitor. Isolated murine neutrophils were pretreated with dimethyl sulfoxide or the CASP1 inhibitor AC-YVAD-CHO (50 mg ml À 1 ) 30 min prior to infection with GFP-tagged PAO1 (PAO1-GFP).
In vitro neutrophil killing assay. PAO1 were added to freshly isolated neutrophils at an MOI of 5 and 20 followed by incubation at 37 1C for 30 min. Subsequently, neutrophils were incubated with gentamicin (20 mg ml À 1 ; Gibco, Grand Island, NY) for 30 min at 37 1C to kill bacteria. After 30 min, neutrophils were lysed with 0.1% Triton X-100. Lysates were plated onto LB agar and incubated overnight at 37 1C. The next day, the colonies were counted and relative phagocytosis was determined by CFU counts.
Time-lapse recording of human neutrophil pyroptosis (video clip).
Live-cell video microscopic experiment shows phagocytosis of GFPtagged PAO1 (green) and GFP-tagged PAO1DfliC (green) by human neutrophils. Human neutrophils were infected with GFP-tagged PAO1 or GFP-tagged PAO1DfliC (MOI 20) after 2 h of attachment to the confocal dish. Cells were moved to a prewarmed microscope stage (37 1C/5% CO 2 ) 5 min after infection with GFP-tagged PAO1 or GFPtagged PAO1DfliC. Images were acquired every 20 s. The movie plays at a rate of two frames per second.
Statistical analysis. Comparisons of two samples were made by an unpaired Student's t-test, whereas analysis of variance followed by Tukey's post-hoc test was performed to compare multiple samples.
The Kaplan-Meier log-rank test was used for the statistical analysis of survival experiments.
P-valueso0.05 were considered statistically significant. In each figure legend, s.e.m. stands for the between-subjects s.e.m. All statistical analyses were performed using the SPSS software (IBM, Armonk, NY).
Study approval. All animal experiments and protocols were approved by the Yonsei University College of Medicine Institutional Animal Care and Use Committee. Human blood samples from healthy volunteers were obtained at Severance Hospital (Seoul, Korea). This study was approved by the Institutional Review Board of Severance Hospital, Yonsei University College of Medicine (4-2015-0007). Informed consent was obtained directly from each subject and documented in writing before the start of any study-related procedure.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
